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ABSTRACT. We present a novel method to produce crystalline oxide aerogels which is based on 
the cross linking of preformed colloidal nanocrystals (NCs) triggered by propylene oxide (PO). 
Ceria and titania were used to illustrate this new approach. Ceria and titania colloidal NCs with 
tuned geometry and crystal facets were produced in solution from the decomposition of a suitable 
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salt in the presence of oleylamine (OAm). The native surface ligands were replaced by amino 
acids, rendering the NCs colloidally stable in polar solvents. The NC colloidal solution was then 
gelled by adding PO, which gradually stripped the ligands from the NC surface, triggering a slow 
NC aggregation. NC-based metal oxide aerogels displayed both high surface areas and excellent 
crystallinity associated with the crystalline nature of the constituent building blocks, even without 
any annealing step. Such NC-based metal oxide aerogels showed higher thermal stability 
compared with aerogels directly produced from ionic precursors using conventional sol-gel 
chemistry strategies. 
INTRODUCTION 
Mesoporous materials with high surface to bulk ratios are essential components in applications 
involving interaction with the surrounding media, including catalysis, sensing, filtering and 
adsorption.1-2 Among them, the highly porous disordered networks found in gels and aerogels are 
particularly appealing owing to the high accessibility they provide to fluids and reactants.  
Such highly porous materials are commonly produced from ionic or molecular precursors 
following sol–gel chemistry approaches. Common protocols involve the use of metal alkoxide 
precursors that undergo hydrolysis and condensation.3-4 Alternative metal salts are also used with 
the aid of an epoxide as gelation promoter.5-8 Due to the moderate temperature of the gelation 
processes, the gels produced in this way are characterized by low crystallinities, thus generally 
requiring thermal annealing to achieve long range atomic order. This thermal process usually 
results in a reduction of the surface area and prevents accurate control over crystallographic 
domain size, facets and phase. 
An alternative strategy to produce mesoporous materials with full versatility in terms of crystal 
domain parameters and composition is the cross-linking of pre-synthesized colloidal NCs.9-12 This 
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approach allows exploiting the huge palette of colloidal NCs with precisely controlled properties 
currently available. It thus offers evident advantages in terms of producing porous nanomaterials 
with improved crystallinity, controlled composition and structure and tuned surface facets, and 
porous nanocomposites with complex composition and phase distributions.  
Colloidal NCs are generally produced using long chain surface organic ligands that control their 
growth and sterically stabilize them in non-polar solvents.13-14 To optimize the NCs’ performance, 
such ligands are generally replaced by smaller molecules that maximize or tune interaction with 
the surrounding media. In this vein, the use of short amino acids as surface ligands provides NCs 
with a high versatility and thus an ample range of potential applications, from biomedical, taking 
advantage of the biocompatibility of amino acids,15 to technological, taking advantage for instance 
of the efficient CO2 adsorption provided by the amino group.
16-19 Additionally, the presence of 
both a carboxyl and an amino group provides amino acids with a very appealing surface chemistry 
versatility, since depending on pH, the terminal amino or carboxyl group can bind to the surface.20-
22 Thus, the surface can be charged positively or negatively, which controls the capability of the 
NC to interact with different species in the media.  
Among metal oxides, ceria is a particularly appealing material, especially in the form of a highly 
porous gel/aerogel. Cerium presents relatively stable Ce3+ and a Ce4+ oxidation states which can 
be exploited for redox chemistry.23 This particularity and its high photo, thermal, and chemical 
stability makes ceria an excellent candidate material for a number of application fields that involve 
interaction with the surrounding media, e.g. heterogeneous catalysis,24-28 solid oxide fuel cells,29 
gas sensors30 and environmental remediation.31  While having no biological role, its low toxicity 
and its particular characteristics also makes ceria an interesting material for biomedical 
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applications, e.g. as scavenger of reactive oxidation species through shuttling between Ce3+ and 
Ce4+ oxidation states.32  
Titanium dioxide is one of the most used metal oxides in the field of heterogeneous catalysis, 
and particularly in photocatalysis. Its advantages include the high abundance of its constituent 
elements, a low toxicity, being used in paints, sunscreen and even food coloring, an outstanding 
stability, a direct bandgap, a low density of recombination centers, a sufficiently positive valence 
band edge to oxidize water to oxygen, and overall a very suitable surface for a range of applications 
involving interaction with the media.33,34  
Recent advances in the synthesis of colloidal ceria and titania NCs with tuned size and shape 
make such building blocks particularly appropriate to produce NC-based mesoporous 
nanomaterials.35,36 Here we use preformed ceria and titania NCs functionalized with amino acids 
to exemplify a novel strategy to produce metal oxide gels and aerogels. The process is based on 
the ligand displacement from the NCs surface by the introduction of an epoxide, which triggers 
the cross-linking of NCs into a porous network. 
 
EXPERIMENTAL SECTION 
Materials. Cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O, 99%), 1-octadecene (ODE, 
C18H36, 90%), oleylamine (OAm, C18H37N, 70%), L-glutamine (Gln, C5H10N2O3, ≥99%), 
trifluoroacetic acid (TFA, C2HF3O2, 99%), N-methylformamide (MFA, C3H7NO, 99.8%), 
propylene oxide (PO, C3H6O, ≥99.5%), neopentyl glycol diglycidyl ether (NGDE, C11H20O4, 
≥95%), dopamine hydrochloride (DA, C8H12ClNO2, 98%), glutamic acid (Glu, C5H9NO4, ≥99%), 
titanium(IV) fluoride (TiF4, 99%), and tetramethylammonium hydroxide pentahydrate (TMAOH, 
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C4H23NO6, ≥99%) were purchased from Sigma-Aldrich. Hexane, 2-propanol, acetone and 
methanol were of analytical grade and were purchased from Panreac. OAm was purified by 
vacuum distillation. All other reagents were used as received without further purification. All NC 
syntheses were carried out in three-neck round-bottom flasks equipped with a condenser connected 
to a standard Schlenk line. Air and moisture-sensitive chemicals were handled and stored under 
inert atmosphere. 
Synthesis of ceria spherical NCs: Ceria NCs were synthesized though the thermal 
decomposition of cerium(III) nitrate within ODE in the presence of OAm, according to a procedure 
we previously reported.35 Briefly, 0.434 g (1 mmol) of cerium(III) nitrate hexahydrate were mixed 
with 2 mL (6 mmol) of OAm in 4 mL of ODE in a 25 mL three neck flask and under magnetic 
stirring. After degassing the mixture for 30 minutes at 80 °C, the obtained brown colour solution 
was heated under argon flow up to 300 °C at a rate of 15 °C/min. The mixture was allowed to react 
at this temperature for 60 minutes before cooling it down. NCs were washed with acetone at least 
four times and finally dispersed in a suitable solvent (hexane, chloroform or toluene) with a 
concentration of 10 mg/mL for later use. Such NCs were labelled as ceria OAm-NCs. 
Synthesis of titania nanoplates: Titanium dioxide NCs with plate morphology were 
synthesized via seeded growth following the procedure reported by Gordon et al..36 The synthesis 
started from the preparation of a 0.2 M Ti precursor stock solution by dissolving the proper amount 
of TiF4 within a 1 M OAc solution in ODE. This solution was maintained at 80 °C for 30 min 
under stirring within an Ar-filled glovebox. Meanwhile, 30 mmol of OAm, 1.5 mmol of OAc and 
10 mL of ODE were loaded into a 100 mL flask and degassed under vacuum and magnetic stirring 
at 120 °C for 60 min. After degassing, the flask was cooled down to 60 °C, and 1.5 mL of the TiF4 
stock solution was injected. Then, temperature was increased up to 290 °C and maintained at this 
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point for 10 min to allow seed formation. Subsequently, 8 mL of the TiF4 stock solution were 
continuously added into the flask at a rate of 0.3 mL/min using a syringe pump. Afterward, the 
reaction was stopped by removing the heating mantle. Finally, NCs were isolated by adding a 
mixture of 2-propanol and methanol and followed by centrifuging at 6000 rpm. These NCs were 
labelled as TiO2 OAm-NCs. 
Surface modification with amino acids: The procedure used to replace native organic ligands 
with amino acids was inspired by previous work by J. de Roo et al.19 Ligand exchange processes 
were carried out in air atmosphere. In a typical procedure, 1 mL of NCs dispersed in hexane 
(typically, 10 mg/mL) was added to a solution (prepared using mild sonication) of 7 mg of Gln in 
1 mL MFA, followed by the addition of TFA (0.2 mM). The two phase mixture obtained was 
stirred until NCs were transferred from the upper to the bottom phase. Then, the hexane phase was 
discarded and a hexane/acetone mixture was added to the remaining MFA solution containing the 
NCs. Then NCs were precipitated and subsequently washed at least two more times by addition of 
MFA as a solvent and a mixture of hexane/acetone and acetonitrile as an antisolvent. Finally, NCs 
were redispersed in a polar solvent such as water, methanol or MFA for later use. NCs obtained 
after surface modification with Gln were labelled as Gln-NCs. 
Preparation of NC-based gels: The gelation procedure was carried out in air. In a typical 
experiment, 2 mL of MQ-water were added to 2 mL of a MFA solution of amino acid 
functionalized NCs (20 mg/mL). The mixture was sonicated for approximately 15 min. Then 
gelation was induced by adding 4 mL of PO and leaving the solution undisturbed. Gelation started 
after 1 h of storing undisturbed the solution and it was completed within 24 h but gels were aged 
for several days. Then, MFA was carefully replaced by acetone using 5 mL of acetone each time. 
It must be noted that the solvent exchange should be conducted with special care to avoid 
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destroying the NC network structure. The solvent exchange was repeated at least 6 times to ensure 
complete removal of MFA.  
Preparation of ceria gel from a cerium salt: Gelation of a cerium chloride sol was performed 
under ambient conditions following a previously reported procedure.8  Briefly, 1 mmol of 
CeCl3∙6H2O was dissolved in 3 mL of methanol. To the obtained mixture, 10 mL of PO was added. 
The formed solution was shaken vigorously for approximately 10 seconds and left undisturbed. 
The gelation occurred in 30 min and was followed by changing the sol color from transparent to 
milky white and light brown when the gel was formed. The obtained gel was aged undisturbed for 
12 h. Afterward the solvent was exchanged by fresh acetone and isopropanol in order to get rid of 
unreacted products.  
Gel drying into aerogel: In order to prevent collapsing its porous structure, gels were dried 
from supercritical CO2. Briefly, the gel in acetone was loaded into a super-critical point dryer 
(SCD) chamber. Then, the chamber was sealed and it was slowly filled with liquid CO2 until the 
pressure reached 73 bar. To ensure that the CO2 was in liquid state, the temperature of the system 
was maintained at 17-18 °C using a Peltier element. After overnight storage undisturbed, the liquid 
CO2 inside of the chamber was half-drained and fresh CO2 was introduced. This procedure was 
repeated at least 6 times in one-hour intervals in order to fully replace acetone with liquid CO2. 
Then, the Peltier element was switched off and the chamber was heated up to 39 °C resulting in a 
pressure increase up to 80-90 bars and the transition of the CO2 from liquid to a supercritical phase. 
The sample was kept under these conditions for 1 h followed by slowly releasing the pressure 
while keeping the temperature constant.      
Structural and chemical characterization: Transmission electron microscopy (TEM) 
characterization was carried out using a ZEISS LIBRA 120, operating at 120 kV. High resolution 
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TEM (HRTEM) analyses were performed in a JEOL 2010F TEM operating at an accelerating 
voltage of 200 kV. Samples were prepared by drop casting a diluted solution of NCs onto a carbon 
coated copper grid (200 mesh). Images were analyzed with the Gatan Digital Micrograph software. 
X-ray power diffraction (XRD) analyses were carried out on a Bruker AXS D8 ADVANCE X-ray 
diffractometer with Ni-filtered (2 µm thickness) Cu Kα1 radiation ( = 1.5406 Å). Samples were 
drop casted (200-500 µL at a concentration of about 3 mg/mL) onto a zero-background silicon 
wafer. UV-vis absorption spectra were recorded on a PerkinElmer LAMBDA 950 UV−vis 
spectrophotometer. Samples were prepared by diluting 100 µL in 3 mL of chloroform inside a 10 
mm path length quartz cuvette. FTIR spectroscopy investigations were carried out using a 
PerkinElmer FT-IR 2000 spectrophotometer. Spectra were recorded from 500 cm-1 to 4000 cm-1. 
Thermogravimetric analyses (TGA) were carried out on a PerkinElmer Diamond TG/DTA 
instrument. For TGA analysis, samples were thoroughly dried and 20 mg of the dried powder was 
loaded into a ceramic pan. Measurements were carried out in an air atmosphere from ambient 
temperature to 700 °C at a heating rate of 5 °C/min. Dynamic light scattering (DLS) measurements 
were performed using a Zeta Sizer (Malvern Instruments) equipped with a 4.0 mW HeNe laser 
operating at 633 nm and an avalanche photodiode detector. The specific surface area and pore size 
of the materials was determined by N2 adsorption at 77 K using a Tristar II 3020 Micromeritics 
system. Specific areas were calculated using the Brunauer-Emmet-Teller (BET) method, from the 
analysis of the adsorption at P/Po= 0.999. Specific surface areas and pore size distributions were 
obtained from the materials annealed at 400 °C for 2 h under air atmosphere using a heating ramp 
of 2 °C /min. 
 
RESULTS AND DISCUSSION 
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Quasi-spherical ceria NCs with an average size of 7  1 nm were produced following our 
previously reported procedure.35 In brief, NCs were obtained through the decomposition at 300 °C 
of cerium nitrate hexahydrate in an ODE solution containing OAm (Figure 1a). The presence of 
OAm at the surface of the ceria NCs limited their growth and rendered them soluble in non-polar 
organic solvents.  
OAm was replaced by amino acids using a two-phase procedure involving the mixing of the 
selected amino acid dissolved in MFA and TFA with a hexane solution containing the NCs. This 
mixture was mixed and sonicated for several minutes, resulting in the transfer of the NCs from 
hexane to MFA (see experimental section for details). The final NCs could be redispersed in polar 
solvents such as MFA, isopropanol, methanol or water. Figure 1 displays TEM micrographs of 
ceria NCs before (OAm-NCs) and after ligand exchange with Gln (Gln-NCs). Similar 
hydrodynamic radii were measured by DLS from OAm-NCs dispersed in hexane and Gln-NCs in 
different polar solvents (Figure 1 e). Additionally, positive zeta potentials (+26 mV) were 
measured for Gln-NCs, which was consistent with the passivation of these NCs with a ligand 
containing protonated amino group (Figure 1 f). 
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Figure 1. a) Scheme of the OAm-to-Gln ligand exchange procedure. b) TEM micrograph of ceria 
NCs with native organic ligands (OAm-NC). Inset shows a photograph of the two-phase mixture 
used for ligand exchange purposes before mixing. The top phase corresponds to the nonpolar 
solvent (hexane) containing the NCs, and the bottom phase to the polar solvent (MFA) containing 
the amino acid and TFA. c) TEM micrograph of ceria NCs after ligand exchange with Gln (Gln-
NC). Inset shows the two-phase mixture after ligand exchange, with the NCs in the polar phase. 
d) Zeta potential measurement of OAm-NCs and Gln-NCs. e) DLS curves of OAm-NCs in hexane 
and Gln-NC in H2O, methanol and MFA.f) FTIR spectra of OAm-NCs, TFA, Gln and Gln-NCs. 
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FTIR analysis confirmed the displacement of OAm from the NCs surface upon ligand exchange 
with Gln (Figure 1 f). The FTIR spectrum of the NCs after ligand exchange showed a strong 
suppression of the organic ligand fingerprint, i.e. the peaks in the region of 2820-2946 cm-1 
attributed to the C-H stretching vibration. Besides, the similarity of the Gln and Gln-NC FTIR 
spectra, and in particular the peaks at around 1538 cm-1 and 1650 cm-1 ascribed to N-C=O and 
NH2 stretching from the Gln molecule, confirmed the presence of this amino acid on the surface 
of ceria NCs after the ligand exchange process.  
Amino acid-functionalized NCs were highly stable in solution, but they could be destabilized 
through addition of a base. We triggered the gelation of MFA solutions of ceria NCs by addition 
of PO. Gelation became visually evident 4 h after the addition of the epoxide and it evolved for 
the following 20 h. 24h after the addition of PO, the solvent was exchanged several times to 
eliminate residual reaction products and it was finally replaced by acetone. Then the gel was loaded 
into a SCD chamber where acetone was replaced by liquid CO2. Finally, the gel was dried from 
supercritical CO2 to obtain a self-standing monolithic aerogel (see details in the experimental 
section, Figures 2 and S1). Upon the supercritical drying process, the gel lost ca. 20% of its volume 
(Figures 2d, S1).  
TEM and SEM micrographs (Figures 2a and 2b, respectively) displayed the ceria aerogels to 
have highly porous structures made of randomly interconnected ceria NCs. HRTEM analysis 
revealed that most ceria NCs were interconnected with no crystallographic alignment (Figure 2e).  
Figure 2c shows adsorption–desorption isotherm obtained from a NC-based ceria aerogel 
annealed at 400 °C for 2 h. A specific surface area of 200  20 m2/g was calculated using the 
Brunauer-Emmett-Teller (BET). This value was over 3-fold larger than the measured from the 
same ceria NCs directly precipitated in the form of a nanopowder through the use of an antisolvent 
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and centrifugation, 63 m2/g.35 NC-based ceria aerogels displayed a type IV adsorption–desorption 
isotherm with a hysteresis associated with capillary condensation (Figure 2c). Barrett–Joynes–
Halenda (BJH) plots of the pore-size distribution of the aerogel sample revealed broad pore size 
distributions, consistent with the porous but random nature of the aerogel (Figure S2). 
 
 
Figure 2. a) TEM micrograph of the NC-based ceria gel obtained by the cross-linking of ceria 
NCs triggered by the addition of PO. b) SEM micrograph of the NC-based ceria aerogel obtained 
from drying the gel from supercritical CO2. c) Adsorption–desorption isotherm obtained from a 
NC-based ceria aerogel and from a NC powder obtained by precipitation of the colloidal NCs 
using an antisolvent and posterior centrifugation. Both materials were annealed at 400 °C for 2 h. 
d) Optical photographs of the colloidal ceria NCs, the gel and the aerogel. e) HRTEM micrograph 
d
b
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of a NC-based CeO2 aerogel including a zoomed micrograph of the highlighted area in red and the 
FFT of the highlighted area in yellow. 
XRD analysis demonstrated that, unlike aerogels conventionally produced from sol-gel 
chemistry methods, as-prepared NC-based aerogels were highly crystalline, retaining the 
crystallinity of the precursor NCs (Figure 3). XRD patterns displayed the reflections of the CeO2 
fluorite structure (space group = Fm3m, JCPDS card No 34-0394) with lattice parameter a = 
0.5412 nm.  
To further compare the two methodologies, we produced ceria aerogels from the gelation of a 
ceria chloride solution, also using PO as gelator promoter, as described by C. Laberty-Robert et 
al.8 Figure 3a displays optical photographs and SEM micrographs of the aerogel produced by this 
strategy before and after annealing at 400 °C. Using this approach, the BET specific surface areas 
of the as-produced aerogel were larger, up to 380 m2/g, than that of the NC-based aerogel. 
However, this initial ceria aerogel was mostly amorphous and a thermal treatment at 400 °C was 
required to crystallize it (Figure 3c). During this thermal annealing process, notable shrinkage of 
the aerogel took place and the monolithic structure was lost (Figure 3a). Additionally, the specific 
surface area obtained decreased down to 180 m2/g, below that obtained from the initial NC-based 
aerogel already displaying a proper crystallinity (Figure 3b). Additionally, NC-based aerogels did 
not collapse during the thermal treatment at 400 °C and their structure was mostly maintained. 
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Figure 3. a) Gel and aerogel produced following a sol-gel chemistry approach:8 Optical 
photographs of the sol, the as-produced aerogel and the aerogel annealed at 400 °C; SEM 
micrographs of the as-produced aerogel and the aerogel annealed at 400 °C; and adsorption-
desorption isotherms of the as-produced aerogel and the aerogel annealed at 400 °C. b) Gel and 
aerogel produced from the cross-linking of colloidal NCs: Optical photographs of the sol, the as-
produced aerogel and the aerogel annealed at 400 °C; and SEM micrographs of the as-produced 
aerogel and the aerogel annealed at 400 °C. c) XRD patterns of (from bottom to top) the ceria 
aerogel produced following a sol-gel chemistry approach, as-produced and after annealing at 400 
°C; the ceria NCs and the ceria NC-based aerogel annealed at 400 °C. 
Introducing PO into a Gln-NC sol resulted in a slow cross-linking of the NCs into a disordered 
network, i.e. a gel. We hypothesize the NC cross-linking was triggered by a gradual stripping of 
Gln from the NC surface through interaction with PO. PO interacted with the acid group bond at 
the cerium sites, resulting in an opening of the PO ring and the stripping of the amino acid.37 A 
scheme of the proposed gelation mechanism is shown in Figure 4.  
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FTIR spectra of the gel supernatant showed the presence of peaks at around 1538 cm-1 and 1650 
cm-1 ascribed to N-C=O and NH2 stretching, confirming stripping of Gln during the gelation 
process. FTIR spectra of the aerogel also displayed that part of the Gln remained on the NC surface 
as required to prevent the full collapse of the structure in solution. Additionally, TGA analysis 
confirmed the amount of organic in the final aerogel to be ca. 25% lower than in the precursor 
Gln-NCs, confirming a partial ligand removal. 
 
Figure 4. a) Schematic representation of the gelation of the Gln-NC solution triggered by the 
introduction of PO. b) FTIR spectra of PO, Gln, the gel supernatant and the aerogel. c) TGA 
profiles of the OAm-NCs, Gln-NCs and the Gln-NC-based aerogel. 
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PO, a soft base, triggers a slow cross-linking of the NCs, which favors the formation of a 
voluminous gel. On the contrary, when a strong base such as TMAOH was added, a rapid 
aggregation of the NCs occurred with no gel formation (Figure 5a, Figure S6). Actually, the 
amount of epoxide controlled the ligand stripping rate and thus the rate of NC cross-linking, which 
translated in gels with different voluminosity (Figure 5). In this regard, an excessive amount of PO 
led to higher NC aggregation and gel shrinkage, while insufficient amounts were not able to cross-
link all the particles, resulting in none or partial gelation (Figure 5a). 
 
 
Figure 5. a) Optical photographs of the ceria NC-based gels obtained 24 h after the introduction 
of different amounts of PO: 0.1 mL (no gel formed), 1 mL, 2 mL, 4 mL, 6 mL, 8 mL and 10 mL; 
or 500 µL of TMAOH (no gel formed, fast NC aggregation into powder), as indicated on top of 
each photograph. b) SEM images of the aerogels produced from the gels obtained from 1 mL, 2 
mL, 4 mL and 6 mL of PO. 
The use of molecules with multiple epoxy groups had a similar effect as PO. As an example, the 
addition of NGDE, with 2 epoxy groups instead of PO, also triggered the NC gelation, but with a 
10 µm
b
0.1 mL        1 mL        2 mL        4 mL        6mL          10 mL    TMAOH   PO:
a
PO: 1 mL        2 mL        4 mL        6mL 
Page 16 of 28
ACS Paragon Plus Environment






























































lower voluminosity when added in the same amount as PO. Injection of 11 mL (0.057 mol) of 
NGDE, the molar equivalent to 4 mL of PO, resulted in gels with dense aggregates of NCs, which 
we associate to the double number of epoxy groups introduced (Figure 6a). When reducing the 
amount of NGDE by half, thus introducing the same amount of epoxy groups, less dense aerogels, 
similar to those produced with PO were obtained (Figure 6b). 
 
Figure 6. a) TEM, SEM and optical photographs of the ceria NC-based gel and aerogel formed 
from the addition of 10 mL of NGDE. b) TEM, SEM and optical photographs of the ceria NC-
based gel and aerogel formed from the addition of 5 mL of NGDE. 
While the addition of H2O to the MFA resulted in gels with higher voluminosity, the presence 
of H2O was not essential for the NC gelation to occur.  Attempts using MFA as the only solvent 
also led to NC gelation, but the obtained gels were significantly less voluminous (Figure S3). When 
replacing MFA+H2O with alcohols as the only solvent for NC gelation, no gel was formed. Upon 
PO addition to an alcohol solution of NCs, all NCs precipitated. Nevertheless, the addition of small 
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voluminosity compared with MFA+H2O (Figure S3). Note that the poor miscibility of PO with 
H2O barred the use of H2O as the only solvent for NC gelation. Attempts to gelate NCs in the two-
phase mixture created from the addition of PO to a NC solution in water, resulted in NC 
precipitation.  
The same methodology allowed formation of NC-based ceria gels using ceria NCs 
functionalized with other amino acids, such as Glu and DA (Figures S4 and S5). However, the gels 
produced from Glu-NCs and DA-NCs were slightly less voluminous than those produced from 
Gln-NCs (Figure S5). We hypothesize the different gel voluminosity to be related to variations in 
the ligand displacement kinetics that would be in part associated to the fact that DA and Glu have 
just one amino group while Gln has two. Identical amounts of PO may result in a faster ligand 
displacement in DA- and Glu-NCs than in Gln-NCs and thus in less voluminous gels. 
The gelation approach here proposed was also used to produce NC-based ceria aerogels 
employing NCs with other sizes and geometries, and particularly hyperbranched ceria NCs (Figure 
7).35 Hyperbranched ceria NCs were characterized by an intrinsic porous structure that provides 
them with specific surface areas up to 157 m2/g.35 As for spherical ceria NCs, the surface of ceria 
hyperbranched NCs was in a first step functionalized with Gln to render the NCs soluble in polar 
solvents. In a second step, PO was added to trigger gelation. The gel obtained after 24h from the 
injection of PO was dried from supercritical CO2. Figure 7 displays representative TEM and SEM 
micrographs of the aerogels produced following this procedure. N2 adsorption/desorption isotherm 
curves of hyperbranched NCs aerogels displayed a type IV character with a H1 hysteresis loop 
that evidenced mesoporosity (Figure 7c). BET calculations demonstrated large specific surface 
areas of 200 m2/g, similar to those measured from aerogels produced from quasi-spherical NCs 
and above those of the precipitated hyperbranched NCs. 
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Figure 7. a) TEM micrograph of hyperbranched ceria NCs.The inset displays DLS curves of 
hyperbranched OAm-NCs and Gln-NCs. b) Adsorption–desorption isotherm obtained from a 
hyperbranched NC-based ceria aerogel and from a NC powder obtained by precipitation of the 
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400 °C for 2 h. c) TEM micrograph of the hyperbranched NC-based aerogel and optical photograph 
of the monolith aerogel (inset).  d) SEM micrograph of the hyperbranched NC-based aerogel. 
The general approach to produce metal oxide aerogels detailed here was demonstrated for a second 
oxide besides ceria. As a second example, we targeted the production of NC-based aerogels of 
titanium dioxide, a key industrial nanomaterial in a range of applications. For this purpose, we 
produced TiO2 NCs with controlled geometry and facets. In particular, for the present work, we 
produced anatase TiO2 nanoplates with ample {001} facets following the procedure by Gordon et 
al. (Figure 8).36 Using the same procedure as for ceria NCs, we replaced the native organic ligands 
from the TiO2 NC surface by Gln. Subsequently, the addition of PO to a solution containing TiO2 
Gln-NCs resulted in their random aggregation into a network, i.e. its gelation (Figure 8). TiO2 NCs 
gelation occurred slightly faster than for CeO2 and it was completed after 60 min of reaction. 
Super-critical drying of the NC-based TiO2 gels resulted in blue coloured monolithic aerogel 
(Figure 8d). The blue colour, characteristic of the initial TiO2 NCs, evidenced the presence of a 
high concentration of oxygen vacancies and the overall nonstoichiometric composition of the TiO2 
NCs obtained from the used colloidal synthesis protocol.36  
Despite the fact that plate-like NCs were prone to stuck together to form compact aggregates, 
SEM imaging evidenced NC-based TiO2 aerogels to be characterized by highly porous structures. 
NC-based TiO2 aerogels displayed type IV adsorption/desorption isotherms (Figure 8b) and BET 
specific surface area up to 70 m2/g.  
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Figure 8. a) TEM micrograph of TiO2 NCs. Inset shows the DLS curves of TiO2 OAm-NCs and 
Gln-NCs. b) Adsorption–desorption isotherms obtained from a NC-based TiO2 aerogel. The 
material was measured after annealing at 400 °C for 2 h. c) TEM micrograph of the NC-based 
TiO2 aerogel and optical photograph of the monolith aerogel (inset). d) SEM micrograph of the 
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A novel strategy to produce crystalline oxide aerogels was detailed. The described approach was 
based on the cross linking of colloidal NCs by the addition of an epoxide to the colloidal NC 
dispersion. We hypothesize the epoxide gradually displaced amino acid ligands from the NC 
surface, thus triggering their slow cross linking into randomly interconnected networks, i.e. their 
gelation. NC-based ceria aerogels displayed both high surface areas and highly crystalline 
structures that were associated to the high crystallinity of the precursor NC building blocks. 
Additionally, the versatility of the proposed strategy was proved by using the same procedure to 
produce NC-based titanium dioxide aerogels using NC building blocks with controlled geometry 
and facets. 
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